The pathways for biosynthesis of glycogen in bacteria and starch in plants are evolutionarily and biochemically related. They are regulated primarily by ADP-glucose pyrophosphorylase, which evolved to satisfy metabolic requirements of a particular organism. Despite the importance of these two pathways, little is known about the mechanism that controls pyrophosphorylase activity or the location of its allosteric sites. Here, we report pyruvate-bound crystal structures of ADP-glucose pyrophosphorylase from the bacterium Agrobacterium tumefaciens, identifying a previously elusive activator site for the enzyme. We found that the tetrameric enzyme binds two molecules of pyruvate in a planar conformation. Each binding site is located in a crevice between the C-terminal domains of two subunits where they stack via a distinct ␤-helix region. Pyruvate interacts with the side chain of Lys-43 and with the peptide backbone of Ser-328 and Gly-329 from both subunits. These structural insights led to the design of two variants with altered regulatory properties. In one variant (K43A), the allosteric effect was absent, whereas in the other (G329D), the introduced Asp mimicked the presence of pyruvate. The latter generated an enzyme that was preactivated and insensitive to further activation by pyruvate. Our study furnishes a deeper understanding of how glycogen biosynthesis is regulated in bacteria and the mechanism by which transgenic plants increased their starch production. These insights will facilitate rational approaches to enzyme engineering for starch production in crops of agricultural interest and will promote further study of allosteric signal transmission and molecular evolution in this important enzyme family.
The pathways for biosynthesis of glycogen in bacteria and starch in plants are evolutionarily and biochemically related. They are regulated primarily by ADP-glucose pyrophosphorylase, which evolved to satisfy metabolic requirements of a particular organism. Despite the importance of these two pathways, little is known about the mechanism that controls pyrophosphorylase activity or the location of its allosteric sites. Here, we report pyruvate-bound crystal structures of ADP-glucose pyrophosphorylase from the bacterium Agrobacterium tumefaciens, identifying a previously elusive activator site for the enzyme. We found that the tetrameric enzyme binds two molecules of pyruvate in a planar conformation. Each binding site is located in a crevice between the C-terminal domains of two subunits where they stack via a distinct ␤-helix region. Pyruvate interacts with the side chain of Lys-43 and with the peptide backbone of Ser-328 and Gly-329 from both subunits. These structural insights led to the design of two variants with altered regulatory properties. In one variant (K43A), the allosteric effect was absent, whereas in the other (G329D), the introduced Asp mimicked the presence of pyruvate. The latter generated an enzyme that was preactivated and insensitive to further activation by pyruvate. Our study furnishes a deeper understanding of how glycogen biosynthesis is regulated in bacteria and the mechanism by which transgenic plants increased their starch production. These insights will facilitate rational approaches to enzyme engineering for starch production in crops of agricultural interest and will promote further study of allosteric signal transmission and molecular evolution in this important enzyme family.
ADP-glucose pyrophosphorylase (ATP:␣-D-glucose-1-phosphate adenylyltransferase; EC 2.7.7.27; ADP-Glc PPase) 5 regulates the production of glycogen in bacteria and starch in plants, which are renewable and biodegradable carbon sources. This enzyme catalyzes ATP-dependent conversion of glucose 1-phosphate (Glc1P), producing pyrophosphate and ADPglucose, which serves as the glucose moiety donor for polyglucan synthesis (1) . This allosterically regulated enzyme serves as a major control point for these biosynthetic pathways, and for this reason it has been an attractive target for protein engineering (2, 3). For instance, the Asp mutant of Gly-336 of the Escherichia coli ADP-Glc PPase exists in a preactivated state (4) , and when its gene was transformed into a potato (Solanum tuberosum) plant, the resulting tubers had, on average, up to 35% more starch weight compared with control tubers (3) .
All known plant and bacterial ADP-Glc PPases are derived from a common ancestor and are predicted to share considerable structural similarities (1) . These features are evident in the structures of the enzymes from potato tuber (5) , Agrobacterium tumefaciens (6) , and E. coli (7, 8) . They are tetramers with ϳ50-kDa subunits, each having distinct N-and C-terminal domains. The C-terminal domain is characterized as a left-handed parallel ␤-helix, whereas the catalytic N-terminal domain is composed of mostly parallel but mixed seven-stranded ␤-sheets surrounded by ␣-helices (5-7) (reminiscent of the dinucleotide-binding Rossmann fold).
In most species, ADP-Glc PPase is allosterically regulated by intermediates of the main carbon assimilatory pathway of the organism. The A. tumefaciens ADP-Glc PPase is activated by fructose 6-phosphate (Fru6P) as well as pyruvate, and it is inhibited by ADP and AMP (1) . Other enzymes of the family have a regulation that is more promiscuous. In some species, ADP-Glc PPases are activated by up to five activators (9, 10) . However, it is not clear how many of those activators bind to the same promiscuous site or to different sites. At least in E. coli, kinetic data suggested that there must be two synergistic activator sites for fructose 1,6-bisphosphate (FBP) and pyruvate (11) . Pioneer protein chemistry and site-directed mutagenesis experiments suggested that the regulatory site was near the C terminus in plant and cyanobacterial enzymes (12) (13) (14) but near the N terminus in nonphotosynthetic bacteria (15, 16) . Despite the fact that the exact location of the regulatory site(s) remained elusive for a long time, more recent studies have suggested that the activator-binding site in this family likely resides between the distinct C-and N-terminal domains (5) (6) (7) and that the C-terminal domain likely has more influence on the specificity for pyruvate (11, 17) . It remains critical to know exactly where the activators bind and how the allosteric signal is transmitted to further understand how glycogen synthesis in bacteria and starch synthesis in plants are controlled.
Here, we report the pyruvate-bound structure of the A. tumefaciens ADP-Glc PPase, identifying a previously unreported activator site for the enzyme. Based on these structural insights, we designed allosteric variants of the A. tumefaciens ADP-Glc PPase to probe the functionality of this site. One mutant mimics the presence of pyruvate, and the other is insensitive. In addition, we present the structure of the WT enzyme bound to ethyl pyruvate, which is a neutral analog of pyruvate but a potent activator of the A. tumefaciens ADP-Glc PPase. These results furnished a better understanding of how glycogen biosynthesis is regulated in bacteria.
Results
Previously, we showed that the P103A mutant of E. coli ADP-Glc PPase fails to respond to its primary activator, FBP (18) . As part of our investigation into the allosteric regulation of the A. tumefaciens ADP-Glc PPase, we mutated the homologous proline to an alanine (P96A). In agreement with the effect in the E. coli enzyme, we found that this mutant had virtually no response to the activator Fru6P. However, it retained sensitivity to its other activator, pyruvate (Table 1) . For this reason, P96A is an excellent candidate for the study of specific allosteric effects from pyruvate. Here, we obtained pyruvatebound crystals of P96A and solved the complex structure.
The A. tumefaciens ADP-Glc PPase is a homotetramer, although for purposes of discussion here, it is convenient to refer to the enzyme as a dimer of dimers with subunits A and B forming one dimer and subunits C and D forming the other ( Fig. 1 ). We observed that each dimer of P96A binds one pyruvate with a total stoichiometry of two pyruvates per enzyme tetramer. Pyruvate binds where the C termini of the two subunits from the dimer stack on top of one another, facing the crevice between the C-and N-terminal domains ( Fig. 1 ).
All three X-ray diffraction data sets, including those of P96A-pyruvate complex, WT-ethyl pyruvate complex, and WT without ligand, were processed in space group P 1 (see Table 2 ). To ensure a good data-to-parameter ratio during refinements, we made the resolution cutoff according to the criteria I/(I) Ͼ 1.0 and CC1 ⁄ 2 Ͼ 0.5. However, the resolution where I/(I) ϭ 2 is also presented in Table 2 for comparison with a more traditional resolution cutoff standard.
The P96A-pyruvate complex structure was refined with final R work /R free values of 20.08/22.8 at a resolution of 1.75 Å. In one asymmetric unit, there are five tetramers of the enzyme (10 dimers) where the pyruvate resolves in nine of 10 dimers. The only unoccupied pyruvate site is likely a crystallographic artifact. We also obtained the structure of the WT enzyme bound to ethyl pyruvate, which in vitro is another effective activator of this enzyme (A 0.5 ϭ 0.175 Ϯ 0.008 mM; n ϭ 2.2 Ϯ 0.2; V 0 ϭ 9.0 Ϯ 0.9 units/mg; V m /V 0 ϭ 9.3). The WT-ethyl pyruvate complex was refined with R work /R free values of 16.27/20.65 at a resolution of 1.76 Å. Electron density indicates that ethyl pyruvate is present in all 10 dimers of the asymmetric unit, occupying the same sites as pyruvate. As a structural reference, we obtained a crystal structure of the WT enzyme with no activator bound. This WT structure without ligand was refined with R work /R free values of 20.00/22.89 at a resolution of 1.78 Å.
Newly observed structural features of the A. tumefaciens ADP-Glc PPase
The overall structure of our A. tumefaciens ADP-Glc PPase in the absence of ligands (Protein Data Bank (PDB) code 5W6J) is very similar to the previously published structure with no ligands (PDB code 3BRK (6)) with some minor but important differences due to higher resolution. As part of the identified heterogeneity among 20 monomers in one asymmetric unit, we were able to resolve, in some subunits, parts of the loop 96 -108. This loop has been implicated in regulation in both E. coli and potato tuber homologues (18, 19) . We identified that residues 96 and 97 (N-end of this loop) deviate nearly 180°from the direction previously reported. We also observed a clearly defined side chain of Tyr-107 ( Fig. S1 ) where this span of electron density was previously modeled as part of the backbone (6) . The proper modeling of Tyr-107 is important because of its proposed involvement in ATP and ADP-Glc binding (20) and allosteric regulation (18) in its homologue in E. coli (Tyr-114). In addition, a loop spanning residues 225-236 is resolved in our WT enzyme structure with no activator bound ( Fig. S2 ). In this loop, Asp-232 is homologous to Asp-239 in E. coli, which is involved in Glc1P binding (21) . a Assays were performed as described under "Experimental procedures." b Parameters are described under "Experimental procedures" for the modified Hill equation. V 0 is the activity in absence of activator, V m is the activity at saturating concentration of activator, A 0.5 is the concentration needed to achieve 50% of the activation effect, and n H is the Hill coefficient. c Calculation performed before rounding the individual parameters. d Parameter is not applicable because there was no significant activation.
The pyruvate-binding region
Each dimer of A. tumefaciens ADP-Glc PPase binds one pyruvate molecule. The unbiased experimental omit map (F o Ϫ F c ), which was obtained before pyruvate was included in refinements, and the final refined map (2F o Ϫ F c ) for the pyruvate atoms are shown in Fig. 2 , C and D, respectively. The binding site was found . The enzyme can also be referred to as a dimer of dimers with subunits A (gray ribbon) and B (yellow ribbon) forming one dimer and subunits C (pink surface) and D (green surface) forming the other. Each dimer binds one pyruvate molecule, shown as purple spheres, and heteroatom oxygen atoms, shown as red spheres, with a stoichiometry of two pyruvate molecules per tetramer. between the C-terminal domains of subunits A/B (or C/D) where they stack on top of one another via the distinct "␤-helix" region ( Fig. 1B) . Consequently, this site comprises the same set of residues from two different subunits ( Fig. 2A ). The planar pyruvate molecule involvesinteractions with the peptide bonds of Ser-328 and Gly-329 from both A and B subunits. The planes formed between pyruvate and the peptide bonds are almost parallel with angles that are ϳ17°and 11°for subunits A and B, respectively. The distance of pyruvate to each of these planes (represented by the average measurement of each pyruvate atom to the planes) was 3.1 and 3.2 Å for subunits A and B, respectively ( Fig. 2A ). The location of the Ser-328/Gly-329 peptide bond relative to pyruvate is enforced by interactions with other nearby residues such as Cys-331, Phe-344, and Gly-346 ( Fig. S3 ). Pyruvate also interacts with Lys-43 from both subunits A and B (Fig. 3A) . However, the arrangement of Lys-43 in how it binds pyruvate is not symmetrical. Lys-43 from subunit B forms a hydrogen bond with pyruvate via a bidentate interaction with the carboxylate oxygens ( Fig. 3B ). In contrast, the amino group of Lys-43 from subunit A forms a hydrogen bond with the ketone oxygen of pyruvate (Fig. 3B ). The distance from Thr-306 (subunit A) backbone oxygen to Lys-43 (subunit B) side chain nitrogen was 2.9 Å, and this distance was 3.2 Å for that between Lys-43 (subunit A) and Thr-306 (subunit B). Pro-307 and Pro-308 form a hairpin turn that marks the beginning of the C-terminal domain. The backbone of this pair of residues surrounds the regulatory site, and it was within ϳ4 Å of the pyruvate ligand.
The methyl group of pyruvate makes symmetrical close contacts with residues from both subunits ( Fig. 3C ). They were within 3.3 and 3.6 Å of the backbone oxygens of Val-327 of these two subunits and within 3.8 and 3.9 Å of the methyl groups of the nearby Ala-309 residues. In addition, they were 3.8 and 3.9 Å from the backbone nitrogen of Ala-309. As seen in Fig. 3C , all these contact distances are consistent with the van der Waals radii limits, indicating a tightly fit binding pocket for pyruvate (22) . In the WT structure with no pyruvate, the structure of the pocket is unaltered with the exception of Lys-43, which forms hydrogen bonds with ordered waters instead of pyruvate. The overall pyruvate-binding pocket is rigid and maintains the same overall architecture to accommodate the ligand.
WT ADP-Glc PPase with ethyl pyruvate bound
Ethyl pyruvate is also an effective activator of the A. tumefaciens ADP-Glc PPase (Fig. 4) . Although it has a slightly higher A 0.5 compared with that of pyruvate (0.16 and 0.09 mM, respectively), both activators yielded similar specific activities (ϳ80 units/mg). The only other analog we tested with similar effects to ethyl pyruvate was methyl pyruvate (Fig. 4 ). Glyoxylate and alanine neither activated ( Fig. 4 ) nor competed with pyruvate (not shown). In the crystal structure of the ethyl pyruvatebound WT enzyme, the overall binding pattern of ethyl pyruvate is very similar to that of pyruvate ( Figs. 1B and 3A) . The only significant difference between the structures is the presence of the ethyl moiety that projects toward a relatively open space found within this region. Nonetheless, the ethyl moiety interacts with the protein as seen in Fig. 2B . The final refined map (2F o Ϫ F c ) for the ethyl pyruvate atoms is shown in Fig. 2E .
Lys-43 is critical for pyruvate allosteric effect
The interaction between Lys-43 and pyruvate led to the hypothesis that Lys-43 is an important residue for pyruvate allosteric activation. In an effort to investigate its importance, we generated the K43A mutant. In the absence of an activator 
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and in standard conditions defined under "Experimental procedures," K43A had an activity of 29 Ϯ 2 units/mg. Upon the addition of pyruvate (up to 15 mM), the specific activity did not significantly increase (29 Ϯ 1 units/mg). However, K43A retained some sensitivity to the other activator, Fru6P. In the presence of saturating concentrations of Fru6P, the activity increased to 41 Ϯ 1 units/mg (Fig. 5 ).
G329D mimics the presence of pyruvate
Based on a model of the mutant G329D of the A. tumefaciens ADP-Glc PPase generated in silico, the carboxylates of the novel Asp residues overlapped with the position of the bound pyruvate ligand in the crystal structure ( Fig. 6A) . To test the effect of this Asp residue, we produced, expressed, and charac-terized the G329D mutant. The specific activity of G329D in the absence of pyruvate (ϳ70 units/mg) was similar to the WT enzyme activated by pyruvate (ϳ80 units/mg; Table 1 ). This increased activity agreed with the hypothesis that Asp-329 mimics the presence of pyruvate by inserting carboxylates where the ligand would have its oxygens. Moreover, pyruvate does not seem to have any effect on the preactivated G329D mutant because it does not modify the affinity for substrates ( Fig. 6B ) or V max (70 Ϯ 3 and 66 Ϯ 2 units/mg in the absence and presence of pyruvate, respectively; Fig. S4 ). This indicates that its binding is not needed for activation and/or that it is blocked by the presence of Asp-329. Interestingly, Fru6P still seems to induce a further increase in apparent ATP affinity to the G329D mutant as it also does to the WT (Fig.  6B) .
Thermal shift assays of mutants K43A and G329D
To test whether pyruvate binding was retained in mutants K43A and G329D, we assayed the protein stability in the absence and presence of pyruvate by a differential scanning fluorimetry technique as described under "Experimental procedures." In the WT enzyme, pyruvate increased T m significantly. The values were 53.9 Ϯ 0.2 and 55.8 Ϯ 0.7°C in the absence and presence of pyruvate, respectively (Fig. S5 ). However, that shift was not observed in the mutants K43A and G329D (Fig. S5) . Interestingly, the mutation K43A seemed to destabilize the enzyme because the T m was lower than the WT with two peaks at 36.0 Ϯ 0.3 and 46.7 Ϯ 1.0°C. In the presence of pyruvate, the curve was nearly identical with peaks at 36.5 Ϯ 0.2 and 46.0 Ϯ 0.4°C. This indicates that there is no evidence that pyruvate binds and stabilizes the mutant K43A as the WT does. The mutation G329D stabilizes the mutant significantly, but pyruvate does not increase its stability further (Fig. S5 ). In the absence and presence of pyruvate, the T m Figure 3 . Interactions between the functional groups of pyruvate and the enzyme. A, pyruvate binds at the dimer interface formed by two subunits A and B (orange and green ribbons). Ribbon regions marked as 1 (magenta), 2 (magenta), and 3 (cyan) represent the residues that surround the pyruvate-binding site. The surface feature created by these residues from both subunits is shown in violet. Lys-43 and pyruvate are shown as ball-and-stick models. The heteroatoms oxygen and nitrogen are shown in red and blue, respectively. B, interactions among Lys-43, the oxygens of pyruvate, and the backbone. The residues from two subunits are shown as yellow and orange sticks. Pyruvate is shown as a purple ball-and-stick model. Oxygen and nitrogen heteroatoms are shown in red and blue, respectively. Lys-43 residues from both subunits form hydrogen bonds with pyruvate and the backbone. The distances (Å) of these interactions are represented as black dashed lines. C, interactions between the methyl groups and the enzyme. Symmetrical contacts are displayed between the methyl group from pyruvate and the residues from both subunits of a dimer. The surface feature shown was created by the residues surrounding the methyl group. 
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values were 63.4 Ϯ 0.4 and 62.8 Ϯ 0.3°C, respectively. There is also no evidence that pyruvate binds to G329D as it does to the WT.
Discussion
ADP-Glc PPase plays a vital role in the production of the most abundant reserve polyglucans in the world, starch and glycogen (1, 2) . For this reason, it is important to understand how this enzyme is regulated. Despite seeing drastic changes in substrate affinities and specific activities upon the addition of allosteric activators, little is known about how the activators work and where they bind. Here, we present a pyruvate-bound ADP-Glc PPase structure that sheds light on the architecture of the activator-binding site. Previous research into ADP-Glc PPases has suggested that the activator-binding residues lie somewhere between the distinct C-terminal and N-terminal domains (5, 6, 8, 17) . In our pyruvate-bound structure, we observed that most of the interactions between pyruvate and the protein involve the C-terminal domain with the exception of the N-terminal Lys-43 ( Fig. 2A) . This is in agreement with previous results observed with chimeric constructs of the E. coli and A. tumefaciens enzymes. When their N-and C-domains were swapped, the C-domain determined the specificity for pyruvate (17) . Lys-43 is present in both enzymes from A. tume-faciens and E. coli (Lys-50). That explains the previous results where swapping the N-domain between those enzymes did not have a significant impact (17) .
We found that pyruvate binds in the dimer interface between the C-terminal domains of each subunit (A/B or C/D) ( Fig. 1) . This binding site is surrounded by like-numbered residues from both subunits ( Fig. 2A) . The amino groups of both Lys-43 from subunits A and B (or C and D) form hydrogen bonds with the pyruvate oxygens. In agreement, replacement of Lys-43 disrupted the pyruvate allosteric activation (Fig. 5 ). The planar pyruvate molecule also appears to forminteractions as it stacks between the peptide bonds of Ser-328 and Gly-329 of both subunits ( Fig. 2A) . Moreover, the dipole moments of the separate Ser-328/Gly-329 backbones (from subunits A and B) align well with those present within the pyruvate ligand (Fig. 7) . The local geometry of the binding site is likely enforced by other hydrogen bonds in this region, which include backbone interactions of Gly-329 with Gly-346 and the thiol group of Cys-331 (both part of the C-terminal left-handed parallel ␤-helix). This thiol group is also in hydrogen-bonding range with other residues, including the backbone oxygen of Ser-328 as well as Phe-344 and Val-347 ( Fig. S3 ). This Cys is highly conserved with Ser being another residue present in most of the other ADP-Glc 
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PPases, which underscores the importance of this residue for maintaining the local architecture.
It is not clear how many enzymes from the ADP-Glc PPase family are activated by pyruvate, which is critical evolutionary information and therefore deserving of further investigation. We recently found that pyruvate plays a relevant role in the regulation of the enzyme from E. coli (11, 23) . This was previously overlooked because its synergistic effect was only detected in the presence of the main activator, FBP (11, 23) . Possibly other enzymes in this family follow a similar trend, and the structural information provided in this work will serve for better predictions. We identified a conserved motif within the binding region among all enzymes significantly activated by pyruvate ( Fig. 8) (1, 11) . One exception is Rhodospirillum rubrum, which has an Ala instead of Gly in the homologous position 329. Likely, this extra methyl group does not cause a different spatial arrangement of the backbone in this area.
Pyruvate binds between two subunits of a dimer at a location where like-numbered residues appear to line up. Hence, it would be logical to assume that the residues from each subunit interact symmetrically with the ligand. However, this interaction is not symmetrical because pyruvate itself is not. Lys-43 from subunit A interacts with pyruvate carboxylate oxygens, whereas Lys-43 from subunit B interacts with the pyruvate ketone oxygen. In contrast, a type of pseudosymmetry does exist. If an axis is drawn through the pyruvate molecule from its methyl carbon to its carboxyl carbon and pyruvate is rotated 180°about this axis, the interaction pattern will be reversed. In that case, Lys from subunit B will interact with its carboxylate oxygens, and that of the A subunit will interact with the ketone oxygen. In other words, pyruvate could bind in these two orientations because the electronic densities of the original and flipped forms are similar, and the Lys-43 conformations adjust for the slight asymmetry. Here, we show that an allosteric site may only need to satisfy a certain shape and electronic distribution to bind the ligand. Interestingly, we observed that once pyruvate binds in one direction, the other pyruvate in the other interface binds in the opposite direction. This strongly suggests that a communication between both activator sites exists.
The beginning of the C-terminal domain is marked by a hairpin turn formed by Pro-307 and Pro-308. Considering the location, their distinct structural properties, and that these prolines are highly conserved throughout the ADP-Glc PPase family, they are probably important to maintain the architecture of the pyruvate-binding site. The distances between Ala-309 of sub-units A and B and the methyl carbon of pyruvate are 3.8 and 3.8 Å, respectively (Fig. 3C ). Both distances indicate van der Waals contacts between methyl groups. These interactions could be important for forming a hydrophobic pocket with a proper shape to accommodate the methyl group of pyruvate. In addition, the side chain of Ala-309 and the propyl group of Val-327 are within 3.8 Å (for either subunit A or B). These, in turn, form close contacts with several other hydrophobic residues that line the inside of the parallel ␤-helix. Although these interactions do not directly involve the methyl group of pyruvate, they do create a hydrophobic environment to accommodate it. The notion that the methyl group helps to anchor the ligand is supported by kinetic assays in the presence of glyoxylate. Despite having an overall structure similar to pyruvate (only lacking the methyl group), glyoxylate does not induce any noticeable increase in activity ( Fig. 4) or substrate apparent affinity for the A. tumefaciens ADP-Glc PPase (data not shown). In addition, glyoxylate (up to 20 mM) does not inhibit the enzyme in either the presence or absence of 0.2 mM pyruvate (not shown). This lack of competition with pyruvate suggests that glyoxylate does not bind to the pyruvate site reported here; otherwise, it should be able to displace it. The differential effect between pyruvate and glyoxylate might be explained by a hydrophobic effect. A comparison between the structures with and without pyruvate shows that the methyl group of pyruvate displaces a water molecule that is surrounded by a hydrophobic environment (Fig.  S6) . Glyoxylate, which lacks that extra methyl group, may not be able to do it.
Binding of a neutral activator
We obtained a structure of the A. tumefaciens ADP-Glc PPase bound to ethyl pyruvate, which is also a strong activator in vitro (Fig. 4) . Pyruvate binds tightly to the enzyme, and it seems that any extra functional group in the molecule may lead to a dramatic steric hindrance. However, ethyl pyruvate can bind because the ethyl group projects toward a relatively open space between the two subunits (A/B or C/D). The ethyl group comes within 4 Å of the ⑀-carbons of Lys-43 of both subunits. However, most of the atoms near the ethyl group were from subunit A, but they were ϳ4 Å apart or greater. Otherwise, the interactions between protein and the pyruvate portion of ethyl pyruvate are entirely consistent with those observed in the pyruvate-bound enzyme (Fig. 2, A and B) .
In the complex structure with ethyl pyruvate, Lys-43 from both subunits occupies a similar position to the position we observed in the pyruvate-bound complex. In both cases, the amino groups of Lys interact with the oxygens of ethyl pyruvate. An important conclusion from this structure and its comparison with the pyruvate-bound structure is that two hydrogen bonds between the oxygens of pyruvate and residues Gly-329 and Lys-43 seem to be crucial for stabilizing the interaction with the ligand (Fig. 2, A and B) . Whether the oxygens are in a carboxylate (negative at neutral pH) or ester (neutral) form does not seem to be important for binding and activation.
Allosteric effect of pyruvate
The involvement of Lys-43 in the allosteric response suggests that neighboring residues could also be important. Residues 
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that interact with Lys-43 may be involved in the transmission of the allosteric signal from pyruvate to the catalytic site. Lys-43 sits just downstream from a "(K/R)RAKPAV" sequence formed by residues 32-38 that has been associated with regulation and catalysis of ADP-Glc PPases (1, 2, 15 ). The whole loop from residues 20 -46 may be important not only for allosteric effects but also for catalysis ( Fig. S7 ). For instance, Arg-33 and Arg-45 are involved in Fru6P activation, whereas Arg-25 is important in catalysis (15) . In addition, Lys-35 is a homologue of Lys-43 in the S subunit from potato tuber, which was characterized to be critical for activity (24) . Fig. S7 illustrates how the loop from residues 20 to 46 connects the pyruvate site with the catalytic site, depicted by Arg-25, Lys-35, Asp-135, and Asp-269. The latter Asp residues are homologous to Asp-142 and Asp-276 in E. coli, which were shown to be critical for catalysis (21, 25) . The previously published structures of ADP-Glc PPases from A. tumefaciens and potato tuber revealed sulfate molecules bound between the C-terminal and N-terminal domains. It had previously been suggested that these sulfates demark the area of the activator site (5, 6) . Arg-45 interacts with this sulfate that lies between the N-terminal and C-terminal domains (Fig. S8) . When Arg-45 was mutated to alanine, it yielded an enzyme insensitive to Fru6P with only a partial activation by pyruvate (15) . In this work, when Lys-43 was mutated to alanine, it yielded an enzyme insensitive to pyruvate with only a partial activation by Fru6P. These two residues are very close in sequence, which highlights the fact that interaction of ligands to this region is responsible for triggering allosteric effects. In the case of the A. tumefaciens enzyme, we can conclude that Lys-43 is responsible for activation by pyruvate and Arg-45 is responsible for activation by Fru6P, but mutation of either of those residues also affects the other.
Our crystal structure with the activators bound (pyruvate and ethyl pyruvate) do not show a striking conformational dif-ference from the structure without activators bound. There are two possible explanations. 1) Pyruvate exerts its effect by minor changes on the dynamics of the loop 20 -46, or 2) the sulfate (from crystallization solution) bound to the structure near Arg-45 keeps the enzyme in a nonactivated form. Both an activator (pyruvate) and inhibitor (sulfate) are present in the structure (Fig. S8 ). Previously, it was found that the activator Fru6P competes with sulfate (6) . Our results show that pyruvate behaves differently. At higher concentrations of sulfate, pyruvate does not activate at the same levels of V max (Fig. S9) . In other words, pyruvate cannot displace sulfate at higher concentrations, which indicates the existence of a noncompetitive effect. In fact, we see that in the crystal structure both ligands can coexist together. For that reason, it is possible that the structure obtained is not fully activated and represents a T form that has both the activator and the inhibitor bound according to the Monod-Wyman-Changeux model of allosterism (26) .
G329D is a preactivated enzyme
In the E. coli ADP-Glc PPase, it was previously found that mutating Gly-336 (homologous to the A. tumefaciens Gly-329) to Asp yielded a preactivated enzyme (4) . Moreover, when this gene was transfected into potato plants, it was found that the tubers had, on average, over 30% higher starch content compared with lines that received the E. coli WT ADP-Glc PPase gene (3) . At the time of these studies, it was not known why this enzyme had such a unique kinetic profile. When we generated the A. tumefaciens G329D mutant in silico, we observed that the Asp side chains mimic the presence of pyruvate (Fig. 6A ). For this reason, the G329D mutant was found to be in a preactivated state (Fig. 6B ). In the absence of any allosteric activator, this mutant has a kinetic profile similar to the activated WT enzyme ( Table 1 and Fig. 6B ). Our recently published work showed that pyruvate is also an activator of the E. coli enzyme (11) . A combina- Regulation of bacterial glycogen metabolism tion of these results and the structure presented here explains why the mutant G336D in the E. coli enzyme is preactivated (4) . In addition, it explains why the transgenic plants bearing this gene have an increased production of starch (3) . Now that we understand the mechanism by which these genes are highly active, a door is being opened to a more rational approach to enzyme engineering. Increasing starch production in crops of agricultural interest is of great biotechnological importance.
Conclusion
We have established the location of the pyruvate-binding site. It concurs with previous research indicating that the site resides between the C-terminal and N-terminal domains of the enzyme (5, 6, 17) . Specifically, our work confirms that the binding domain of the A. tumefaciens allosteric activator pyruvate resides inside this cleft at a point where the two C-terminal domains from subunits A and B stack on top of each other (Fig.  1) . The kinetic results of the K43A mutant support crystallographic data in pinpointing the location of the pyruvate-binding site as do the results of the G329D mutant.
Experimental procedures

Chemicals and supplies
All biochemical reagents were purchased from Sigma-Aldrich. Luria broth (LB) medium was purchased from USA Scientific (Ocala, FL). QuikChange Lightning Multi Site-Directed Mutagenesis kits were acquired from Agilent Technologies (Santa Clara, CA). Primers for the production of mutants were acquired from Integrated DNA Technologies (Coralville, IA). The Malachite Green-ammonium molybdate-Tween 20 solution used in the enzyme assays was prepared as described previously (27) .
Site-directed mutagenesis and protein expression
The plasmid used to express the A. tumefaciens ADP-Glc PPase gene (pBLH1) was constructed by subcloning the coding region of the enzyme from pETAT (17) using the restriction sites NdeI and SacI to create the N-terminal hexahistidine-tagged protein ( Fig. S10 ). Site-directed mutagenesis was performed on pBLH1 to obtain the K43A, P96A, and G329D mutants (primers used were 5Ј-CGCGGTTTATTTTGGCGGCGCGGCGCGC-3Ј, 5Ј-CTTCGACATTCTGGCGGCTTCGCAGC-3Ј, and 5Ј-CGT-CGGTCGTCTCGGATGACTGCATCATTTC-3Ј, respectively). All genetic sequencing was performed by the University of Chicago Comprehensive Cancer Center DNA Sequencing and Genotyping Facility in Chicago, IL. Following protein expression, enzyme purification was performed using a nickel-Sepharose 6 Fast Flow HisTrap FF column (GE Healthcare). Samples were subsequently concentrated to 10 mg/ml in a solution of 50 mM Hepes, pH 8.0, with 10% glycerol with an Amicon Ultra-15 30-kDa centrifugal filter (EMD Millipore Inc.). These served as the concentrated stock enzyme solutions used for protein assays. For crystallographic studies, proteins were subsequently subjected to sizeexclusion chromatography using a GE Healthcare HiLoad 16/600 Superdex 200 prep grade column, desalted, and prepared to 10 mg/ml in 50 mM Hepes, pH 7.5. Final enzyme purity was estimated at 95% or greater as determined by apparent band homogeneity (Fig. S11 ) in SDS-PAGE (28) . For protein crystallization, the con-ditions were 50 mM Hepes with 1.5 M lithium sulfate at pH 7.5 with or without 10 mM pyruvate or ethyl pyruvate.
Enzyme assays
Activity of ADP-Glc PPase was assayed in the direction of ADP-glucose synthesis using the assay developed by Fusari et al. (27) as described previously with minor modifications (18) . The unit of enzyme activity is defined as 1.0 mol of ADPglucose formed/min. Unless otherwise stated, assay conditions were as follows. In addition to the 10 l of ADP-Glc PPase enzyme aliquot, the reaction mixtures contained 50 mM Hepes, pH 8.0, 10.0 mM MgCl 2 , 1.0 mM Glc1P, 1.5 mM ATP, 1.5 units/ml inorganic pyrophosphatase, and 0.2 mg/ml BSA (total volume of 60 l). Data were plotted as specific enzyme activity (units/mg) versus substrate or effector concentration and fit to a modified Hill equation (29):
n ϩ A n ). In this equation, V 0 is the velocity in the absence of the activator being analyzed, V m is the velocity at saturating concentrations of the activator, A is the concentration of activator under study, A 0.5 is the concentration of activator needed to observe half of the change in velocity (V m Ϫ V 0 ), and n is the Hill coefficient. For substrate saturation curves, the Hill equation used was V ϭ V m ⅐S n /( S 0.5 n ϩ S n ) where S is the concentration of substrate and S 0.5 is the concentration of S needed to reach half of the V max . Fitting was performed with the Levenberg-Marquardt nonlinear least-squares algorithm provided by the computer program Origin TM 8.0. The errors, rounded to one significant figure, were obtained with that algorithm. All saturation curves were performed at least twice with kinetic parameters reproducible within Ϯ10%.
Sequence alignment of ADP-Glc PPases and structural alignment of NDP-Glc PPases
The sequences of known plant and bacterial ADP-Glc PPases were from the NCBI website. Sequences from A. tumefaciens, Nitrosomonas europaea ATCC 19718, Rhodobacter sphaeroides, Rhodomicrobium vannielii ATCC 17100, E. coli K12, Rhodobacter capsulatus, and Rhodospirillum rubrum were from accession numbers AAD03473.1, CAD85941.1, AAD53958.1, ADP70402.1, NP_417888.1, KQB17540, and AAC71050.2, respectively. The software used for the alignments was Unipro UGENE, and the MUSCLE algorithm was used for the fitting (30).
Data collection and processing
Monochromatic data sets were collected at the 19-ID beamline-Structural Biology Center (SBC), Advanced Photon Source (APS) at Argonne National Laboratory (ANL). Diffraction data were collected at a wavelength of 0.98 Å at 100 K using a Quantum 315r charge-coupled device (CCD) detector from Area Detector Systems Corp. (ADSC). All collected data sets were indexed, integrated, and scaled using HKL3000 (31) or the CCP4 program suite (32) . The best data sets were processed in space group P 1 at resolutions of 1.78, 1.75, and 1.76Å for the WT, P96A-pyruvate, and WT-ethyl pyruvate structures, respectively. Data collection statistics are in Table 2 .
Regulation of bacterial glycogen metabolism
Structure determination, model building, and refinement
To identify the structural heterogeneity in each subunit, data processing, structure determination, model building, and refinement were all carried out in P 1 space group as previously mentioned. All structures were solved by molecular replacement using PHASER in the Phenix software suit (33) The initial search model was a single subunit of a previously published structure of ADP-Glc PPase from A. tumefaciens (PDB code 3BRK). The solutions of molecular replacement were then refined in Phenix through rigid-body, isotropic, and anisotropic refinements. A twin law (h, Ϫk, ϪhϪl) was generated using Xtriage in Phenix and added during refinement. After each round of refinement, all models were rebuilt in Coot (34) and refined using Phenix (33) , and the final models were analyzed and figures were made using the programs UCSF Chimera (35) and PyMOL (36) . Final refinement statistics are presented in Table 2 . The experimental omit map (F o Ϫ F c ) was generated after molecular replacement and rigid-body and restrained refinements. No water, ligand, or twin law was added during these refinements. Hence, there is no bias toward the existence of the ligand. A model of the tetramer with the G329D mutation was built with the program Modeller 9.11 (37) . As a template, we used the atomic coordinates of the P96A mutant of the ADP-Glc PPase structure with the pyruvate bound.
Thermal shift assay
Thermal shift assays were performed as described (38) using the Step One Real-Time PCR System TM (Thermo Fisher Scientific) and
Step One TM software. The final volume for the assay was 20 l and contained 20 mM Hepes, pH 7.5, 4ϫ SYPRO Orange Dye (Sigma-Aldrich), 0.02 mM purified protein, 2 mM ATP, and 2 mM MgCl 2 . The assays were run in triplicates, and where indicated pyruvate (1 mM) was added to the mixture. A control (blank) with no protein was also performed for all the samples. A continuous temperature scanning from 25.0 to 99.0°C was performed with a ramp increment of 0.37°C min Ϫ1 . 
